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Abstract 
We systematically measure the dielectric function of atomically thin MoS2 films with different layer 
numbers and demonstrate that excitonic effects play a dominant role in the dielectric function when the 
films are less than 5-7 layers thick.  The dielectric function shows an anomalous dependence on the 
layer number. It decreases with the layer number increasing when the films are less than 5-7 layers thick 
but turns to increase with the layer number for thicker films. We show that this is because the excitonic 
effect is very strong in the thin MoS2 films and its contribution to the dielectric function may dominate 
over the contribution of the band structure.  We also extract the value of layer-dependent exciton 
binding energy and Bohr radius in the films by fitting the experimental results with an intuitive model.  
The dominance of excitonic effects is in stark contrast with what reported at conventional materials 
whose dielectric functions are usually dictated by band structures. The knowledge of the dielectric 
function may enable capabilities to engineer the light-matter interactions of atomically thin MoS2 films 
for the development of novel photonic devices, such as metamaterials, waveguides, light absorbers, and 
light emitters.  
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Two-dimensional (2D) transition metal dichalcogenide (TMDC) materials have been known exhibiting 
strong exciton binding energy that may be one order of magnitude larger than conventional 
semiconductor materials1-6.  However, how the extraordinarily strong exciton binding energy could 
affect the light-matter interactions such as dielectric functions of the materials has remained unexplored.  
The lack of knowledge about the dielectric function has significantly limited the application of 2D 
TMDC materials in many exciting photonic fields such as metamaterials7, which relies on the 
sophisticated manipulation of effective dielectric functions to enable novel optical functionalities.  In 
this work we have measured the dielectric function of atomically thin MoS2 films and discovered that it 
is dominated by the effect of the tightly bound excitons, as evidenced by an anomalous dependence of 
the dielectric function on the layer number.  The dielectric function decreases with the layer number 
increasing when the MoS2 films are less than 5 layers thick, but turn to increase with the layer number 
for thicker.  We also quantitatively evaluate the exciton binding energy and Bohr radius of the thin films 
by fitting the experimental results with an intuitive model.  The observed dominance of excitonic effects 
in the dielectric function is in stark contrast with what expected at conventional materials, whose 
dielectric functions are usually dictated by band structures8, 9. Our success in this discovery is built upon 
a unique self-limiting chemical vapor deposition (CVD) process that we have recently developed10.  The 
self-limiting CVD process can be used to grow centimeter-scale, uniform, and high quality atomically 
thin MoS2 films with controlled layer numbers and remarkable uniformity (Fig. S1-S5).  This allows us 
to examine the dielectric function of MoS2 films as a function of well-defined layer numbers.  Our work 
is different from earlier research for the dielectric function of MoS2 films11, 12,  whose results are likely 
inaccurate due to the lack of satisfactory uniformity or precise control of the layer number. 
We measured the dielectric function (ε1 +iε2) of as-grown MoS2 films on sapphire substrates 
using spectroscopic ellipsometry13.  Fig. 1a-b shows the real ε1 and imaginary ε2 parts of the dielectric 
function in the visible range that are derived from experimental measurements (see Fig. S7-S8 for the fit 
between experimental and simulated results). Owing to the extreme geometrical anisotropy of the film, 
what we obtained is actually the in-plane component of the dielectric tensor because the out-of-plane 
dielectric function may only contribute trivially to the optical response due to the difficulty in exciting 
the vertical dipole of the atomically thin film13.  As further evidence for the measured in-plane dielectric 
function, we performed the spectroscopic ellipsometry at different incident angles (40°-75°), and all of 
them ended up with giving very similar dielectric functions. The dielectric function of bulk MoS2 is also 
measured and plotted in Fig. 1a-b as a reference, the result of which is consistent with what reported 
previously14.  The three peaks in the spectral dielectric function can be assigned to A, B, and C from low 
to high energies, respectively15-18.  The A and B peaks are related with the transition from the spin-orbit 
split valence bands to the lowest conduction band at the K and K’ points, while the C peak is associated 
with the transition from the valence band to the conduction band at the part of the Brillouin zone 
between the Λ and Γ point16, 17.   
The measured dielectric function is not sensitive to the synthetic process or the substrate. The 
dielectric functions measured from the MoS2 grown by using MoCl5 and S as the precursors10 and by 
using MoO3 and S as the precursors19 are essentially identical (Fig. S9a).  We also find that the dielectric 
functions of the as-grown MoS2 films on sapphire substrates and those transferred onto SiO2/Si 
substrates are identical (Fig. S9b).  Additionally, the dielectric function of the film is stable under 
ambient environment. We monitored the dielectric function of the as-grown MoS2 films on sapphire 
substrates as a function of the time for the films to be exposed to ambient environment. We monitored 
the dielectric function of the films exposed to ambient environment for more than one week and found 
no change in the measured result (Fig. S10).   The result we measured for the monolayer MoS2 film is 
consistent with what previously measured using spectroscopic ellipsometry20 but is 10-15% less than the 
results derived from absorption spectra21.  We do like to point out some difference in the spectroscopic 
ellipsometry used by us as well as Ref. 20 and the spectroscopic absorption technique used in Ref. 21. 
Spectroscopic ellipsometry is the most established technique for the measurement of dielectric 
functions, in which two parameters are measured at each wavelength and the dielectric function can be 
uniquely determined in any spectrum range with the thickness information of the film indepedently 
determined by AFM. The dielectric function may be derived from spectroscopic reflection using the 
Kramer-Kronig relationship as well.  But to precisely find out the dielectric function using the Kramer-
Kronig relationship requires information of the absorption in the entire spectral range. In Ref. 21 the 
absorption of the monolayer in the range higher than 3 eV, whose value is not experimentally available, 
is assumed to be equal to that of the bulk counterpart.  This assumption might overestimate the dielectric 
function to some degree. We believe this is likely the reason why our result is around 10-15% less than 
the result reported in Ref.21.  
Significantly, the measured dielectric function shows an anomalous dependence on the layer 
number (Fig. 1a-b).  It decreases with the layer number increasing when the film is less than 5-7 layers 
thick and then turns to increase with the layer for thicker films. We were very careful to ensure no 
artifact introduced in the measurement.  More specifically, we performed extensive AFM for each of the 
films studied prior to the ellipsometry measurement and confirmed the atomic-scale smoothness 
(roughness usually < 0.5 nm except the 8L, 9L and 10L films, whose roughness is a little bit larger in the 
range of 0.7-0.9 nm, see Fig. S1-S5) and excellent uniformity of the film. Additionally, for the result of 
each layer number, we measured at least three different sets of samples and observed only minor 
variation (5%) in the resulting dielectric function.  To further illustrate this anomalous layer-
dependence, we extract the imaginary part of the dielectric functions at the A, B, and C peaks from Fig. 
1b and plot it as a function of the layer number (Fig.1c). The result clearly shows a decrease and then an 
increase in the dielectric function with the layer number continuously increasing from one. The layer 
dependence is similar for all the A, B, and C peaks (Fig. 1d).  Given the similarity in the layer 
dependence, we only focus on the C peak in the following discussion.  
 
Figure 1. Anomalous layer-dependence of the dielectric function of 2D MoS2. (a-b) Real and imaginary parts 
of the dielectric function of 2D MoS2 vs. layer number. Also given is the dielectric function of bulk MoS2. The 
three peaks can be assigned to A, B, and C excitons as labeled. Corresponding refractive indexes of the films are 
given in Figure S6 and Table S1 of the Supplementary Information. (c) The dependence of the imaginary part ε2 
of the dielectric function at the A, B, and C peaks on layer number. The error bar is 5% and estimated from the 
measurement results of multiple samples. (d) Normalized ε2 at the A, B, and C peaks vs. layer number. The 
normalization is performed with respect to the corresponding value of each peak in the 5-layer MoS2.  Error bar is 
ignored for visual convenience. 
To obtain physical insights into the observed layer dependence, we examine the dielectric 
function from the perspective of quantum mechanics. We only focus on the imaginary part ε2 because 
the real part ε1 can be deterministically correlated to ε2 by the well-established Kramer-Kronig 
equation22. Fundamentally, ε2 is related with interband transitions as8, 22, 23 
     (1) 
where ω is the frequency, ħ is the Planck’s constant, e and m0 are the charge and mass of free electrons, 
Jcv is the joint density of the initial (valence band) and final (conduction band) states involved in the 
transition.  pcv is an optical matrix element indicating the probability of the transition from the initial to 
final states.  It consists of an integral over a unit cell that involves the momentum operator as well as the 
unit cell wavefunctions in the conduction and valence bands.  represents the effect of excitons on 
the oscillator strength of the interband transition, where U is the relative motion wavefunction of the 
eletrons and holes bound by Coulomb interactions and 0 indicates the physical overlap of the electron 
and hole wavefunctions.  Ecv is the optical energy gap between the conduction and valence bands 
involved and Γ is a damping constant determining the bandwidth of the interband transition.  
For simplicity, we only focus on the dielectric function at the peak position (on-resonance) as 
shown in Fig. 1c-d, where Ecv - ħω = 0 and eq.(1) can be simplified as 
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Physically, Γ represents the width of the peak.  From Fig. 1b the peak can be found phenomenally 
remaining to be similar in the films with different layer numbers. Therefore, it is reasonable to consider 
that Γ is independent of the layer number.  The optical matrix element pcv is also independent of the 
layer number because it is only related with unit cells and unit cell wavefunctions, both of which are not 
dependent on the layer number.  The independence of pcv on geometrical features has previously been 
demonstrated at quantum wells24. Therefore, eq. (2) can be further simplified as  
2 (w ) = A0Jcv U(0)
2
   (3) 
where A0 includes all the terms independent of the layer number.  Eq. (3) indicates that the layer 
dependence of the dielectric function may result from only two parameters: the joint density of states Jcv 
and the excitonic effect .  
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 Figure 2. Comparison of the measured and calculated dielectric function of 2D MoS2. (a) Calculated 
imaginary part ε2 of the dielectric function of MoS2 with different thickness. (b) Comparison of experimental and 
calculated results for ε2 at the C peak as a function of the layer number. The error bar in the experimental result is 
ignored for visual convenience. 
 
We can get more insight by further examining the specific layer dependence of the two 
parameters Jcv and .  The joint density of states Jcv is determined by the band structure and 
expected to monotonically increase with the layer number.  This is because the density of states in 2D 
materials is well known to be smaller than that in 3D materials8, 22 and the increase of the layer number 
in effect enables a continuous evolution from two dimensions (monolayers) to three dimensions (bulk).  
To quantitatively elucidate the layer dependence of Jcv, we calculate the ε2 of MoS2 films using density 
functional theory (DFT) techniques without considering excitonic effects18. The calculation result is 
given in Fig. 2a and essentially represents the density of states Jcv.  It reproduces the major spectral 
features of the experimental results and indeed shows a monotonic increase with the layer number.  For 
the convenience of comparison, we plot the calculated and measured dielectric functions at the C peak 
as a function of the layer number in Fig. 2b.  The calculated results are understandably smaller than the 
experimental results due to the exclusion of excitonic effects.  Of our interest is to compare the layer 
dependence in the calculated and experimental results.  The similarity of the two results for the films > 
5L suggests that the observed layer-dependent increase in the dielectric function in the relatively thicker 
U(0)
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films may be correlated to the effect of the density of states Jcv.  However, for the films less than 5 
layers thick the calculated layer-dependence is opposite to the experimental observation (Fig.2b). This 
can be correlated to the other parameter not considered in the calculation, the excitonic effect . 
The excitonic effect is expected to be strong and to quickly decrease with the layer number due to the 
well known layer-dependent exponential decrease of exciton binding energy15.  
 
Figure 3. Strong, layer-dependent excitonic effects in atomically thin MoS2 films. (a) The position of the C 
peak in MoS2 films as a function of the thickness of the film L. The error bar ±0.005 eV results from the possible 
errors in determining the peak position. The dashed lines are the fitting results using the model of infinite 
quantum wells (fitting 1) and the quantum well in fraction space (fitting 2) (b) The position of the C peak in MoS2 
films as a function of 1/L2, where L is the thickness of the film. The red line is the fitting results using the model 
of infinite quantum well with the fitting equation given as shown. The inset is a magnified version of the area 
indicated by the dashed yellow rectangle. (c) The dependence of the binding energy and exciton radius in MoS2 
films on the layer number. 
 
The layer-dependent excitonic effect can be understood more quantitatively by examining the 
excitonic peak position with an intuitive model that involves quantum confinement and exciton binding 
energy. Of our interest is to quantitatively evaluate the layer dependence of the exciton binding energy 
from the observed evolution of the C exciton peak position with the layer number (Fig. 3a).  The 
excitonic peak position (i.e. optical bandgap) is equal to the electronic bandgap minus the exciton 
binding energy, and its layer dependence originates from the layer dependence of both components.  
Should the layer dependence of the electronic bandgap be found out, we would be able to figure out the 
U(0)
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layer dependence of the exciton binding energy from the measured excitonic peak position.  It is actually 
very difficult to experimentally or theoretically evaluate the electronic bandgap of MoS2 with different 
layer numbers.  However, we find out that the layer dependence of the electronic bandgap may be 
reasonably correlated to quantum confinement effects. The peak position of the C exciton EC in the films 
thicker than 7 layers  shows a linear dependence on 1/L2 (Fig. 3b), and can be fitted by the conventional 
model of infinite quantum wells as  EC = Eg + Ry + π2ħ2/2meffL2 – Ry.  where Eg is the position (optical 
bandgap) of the C peak in bulk MoS2 materials (Eg = 2.695 eV as measured in Fig.1b),  Ry is the exciton 
binding energy and assumed not changing with the thickness in the model of infinite quantum wells,  
and meff is the reduced electron-hole effective mass of the film.  The introduction of Ry in the equation is 
to illustrate that the optical bandgap is equal to the electronic bandgap (the first three terms) minus the 
exciton binding energy (the last term). The fitting to the experimental results (the red lines in Fig. 3a-b) 
gives EC = 2.695 eV + 150.9/L2, from which we can derive the reduced effective mass meff = 0.250 m0 
for the C extions in bulk MoS2 and the films thicker than 7 layers.  We can also derive the exciton 
binding energy Ry = 58.9 meV and Bohr radius ab = 1.61 nm in bulk MoS2 and thick films, in which the 
static dielectric constant is set to be 7.6 as measured for bulk MoS2 previously25.   
The peak position EC in the films thinner than 5-7 layers shows apparent deviation from the 
model of infinite quantum wells (Fig. 3b). Instead, we can fit the experimental results with a model of 
quantum wells in fractional dimensional space as26, 27  
    (4)  
where D is the effective dimensionality that is defined by the ratio of the exciton binding energy Ry*  in 
the films and that of bulk MoS2 Ry as [(D-1)/2]2 = Ry/ Ry*.   Again, the first three terms of eq. (4) 
represent the electronic bandgap and the last term indicates the exciton binding energy.  The factor of 
[(D-1)/2]2  in the third term originates from the change in the effective mass associated with the 
effective dimensionality. For the films thicker than 7 layers, D is 3 and eq. (4) is then reduced to the 
equation for infinite quantum wells. By fitting the experimental results with eq. (4), we can have the 
effective dimensionality D as 1.75, 2.07, 2.30, 2.51, 2.65, and 2.83 for the films in layer number of 1, 2, 
3, 4, 5, and 6, respectively.  We can then derive the corresponding exciton binding energies using Ry* = 
Ry/[(D-1)/2]2 as 0.421eV, 0.206 eV, 0.139 eV, 0.103 eV, 0.0865 eV, and 0.0704 eV; we can also derive 
the corresponding Bohr radius of excitons from ab*= ab(D-1)/226, 27 as 0.602 nm, 0.861 nm, 1.04 nm,1.22 
nm,1.33 nm, and 1.47 nm, respectively.  These results are plotted in Fig. 3c.  
The model we used to fit the experimental result is based on an assumption that the layer 
dependence of the electronic bandgap can be ascribed to the effect of quantum confinement.  This is 
supported by our experimental results, in particular, the consistence between the observed peak position 
of the films thicker than 7 layers and what predicted from the model of infinite quantum wells.  
However, more theoretical and experimental studies would be necessary to provide more rigorous 
support, which is to our best knowledge expected to very difficult.  Nevertheless, the result we obtained 
by fitting the experimental results using this model seems to be reasonable when compared to the limited 
number of studies on the exciton binding eerngy and Bohr radisu available in the literature. There is not 
study that would allow us to systematically crosscheck all of our results.  For instance, the binding 
energy Ry = 58.9 meV and Bohr radius ab = 1.61 we derived for the C exciton in bulk MoS2 and thick 
films is reasonably consistent with the binding energy and Bohr radius reported for the A exciton in bulk 
MoS2, which are 87.2 meV  and 1.11 nm, respectively28. Additionally, the Bohr radius (0.602 nm) we 
derived for the C exciton in monolayer MoS2 nicely matches the theoretical prediction, ~ 0.5 nm17. The 
derived binding energy (0.421 eV) is reasonable compared with what reported for the A exciton, which 
is believed to be 0.4-0.6 eV in monolayer MoS218, 29.  
With the information of the exciton binding energy and radius, the observed layer dependence of 
the dielectric function can be intuitively understood from a perspective of geometric confinement.  Fig. 
4 shows the comparison between the size of excitons and the thickness of the film.  While the film is 
highly anisotropic, the size of the exciton is schematically illustrated by the diameter of a sphere 
anyway.  This is because eq. (4), which we used to derive the exciton radius, treats the excitons as 
spheres in an isotropic space by converting the geometrical anisotropy into fractional dimensionality26, 
27.  The size of the exciton in bulk MoS2, 3.22 nm, is close to the thickness of the 5L film, 3.10 nm (Fig. 
4a). Therefore, the exciton in MoS2 films is expected to start experiencing substantial geometrical 
confinement when the layer number of the film is decreased to 5, which may lead to decrease in the 
exciton size.  Intuitively, a smaller exciton radius can better facilitate the spatial overlap of the electron 
and hole wavefunctions and subsequently cause larger amplitude in . The layer-dependent 
decrease of the dielectric function is expected when the layer-dependent decrease of the excitonic effect 
offsets or even exceeds the layer-dependent increase of the join density of states.   
 
Figure 4. Geometric confinement of excitons in MoS2 films. (a) Comparison of the size of the exciton in bulk 
MoS2 with the thickness of MoS2 films.  The regime where the film is thinner than the exciton size is categorized 
as strong confinement. (b-e) Schematic illustration of the size of excitons in the films with different layer 
numbers.  
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The main conclusion we draw from the analysis of the C exciton, i.e. the dominance of excitonic 
effects in the dielectric function, can be applied to the A and B excitons as well due to the similar layer 
dependence in corresponding dielectric functions (Fig.1c-d). However, it is difficult to quantitatively 
extract the binding energy and Bohr radius for the A and B excitons as what we did for the C exciton.  
This is because that the positions of the A and B excitons do not show substantial layer dependence as 
what observed as the C exciton, which makes the fitting by the intuitive model difficult.  One reason for 
the less layer dependence observed at the A and B excitons could be related with the random variation of 
the position of the A and B excitons due to local doping effect from the substrate, which may be as large 
as ~ 10 meV 30.  Another reason could be related with the better localization of the A and B excitons in 
the plane of the film, which may lead to a less dependence on interlayer interactions31.  
While our work mainly focuses on MoS2, we believe that similar dominance of excitonic effects 
in the dielectric function could generally exist in all the atomically thin semiconducting TMDC 
materials. Our result bears significant implications for the development of photonics devices with 2D 
TMDC materials.  The obtained dielectric function and refractive index (Table S1) for the MoS2 with 
different layer numbers can be immediately useful for the rational design of photonic devices.   In 
particular, as excitons are subject to influence of electric or magnetic fields, the dominance of excitonic 
effects in the dielectric function makes atomically MoS2 films an unprecedented platform that may 
enable the development of field-effect photonics, whose optical functionalities would be tuned by 
external electric or magnetic fields.  
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Methods 
Synthesis of centimeter-scale MoS2 films. The centimeter monolayer and fewlayer MoS2  films 
were grown using a chemical vapor deposition (CVD) process that we have previously 
developed1. In a typical growth, 4-20 mg molybdenum chloride (MoCl5) powder (99.99%, Sigma- 
Aldrich) and 1g sulfur powder (Sigma-Aldrich) was placed at the upstream of a tube furnace. 
Receiving substrates (typically sapphire) were placed in the downstream of the tube. Other typical 
experimental conditions for the growth include a temperature of 850 °C, a flow rate of 50 sccm, 
and a pressure around 2 Torr. The layer number was controlled by controlling the amount of 
precursors (MoCl5) used in the synthesis. We also grow centimeter-scale monolayer MoS2 films 
using a similar chemical vapor deposition process but with MoO3 and sulfur being used as 
precursors 
The composition and structure of the synthesized MoS2 films were extensively characterized by a 
variety of tools previously. In this work we mainly focused on characterizing the thickness and 
surface morphology of the synthesized films with optical microscopes and atomic force 
microscope (AFM, Veeco Dimension-3000). 
Ellipsometry measurements of MoS2 films. The ellipsometry measurement was performed with 
Woollam VASE (Variable Angle Spectroscopic Ellipsometer, J.A. Woollam Co.) with a Xenon 
light source in range of 200-1100nm. Typical incident angle was set at  650 , but we confirmed  
that  the  incident  angle  does  not  affect  the  resulting  dielectric  constants.  The     ellipsometry 
measurement essentially monitors changes in the polarization state of incident light and the light 
reflected from the films. It yields two spectral parameters (ψ and Δ) related with the amplitude  
(tan ψ) and phase Δ of a reflectance ratio ρ, which indicates the ratio of the reflection coefficients 
for p-polarized (parallel to the plane of incidence) and s-polarized (perpendicular to the plane of 
incidence) light, ρ = rp/rs = (tanψ)e
iΔ. To retrieve the optical constant from the measured results, 
we perform regression fitting using the Fresnel's equations of a simple two-layer model that 
consists of a MoS2 film on top of a semi-infinite substrate. Precise information of the thickness of 
the film is required for the fitting, which we have obtained by AFM measurements in 
experiments. We have also confirmed that the surfaces of all the films studied are atomically 
smooth (roughness < 1 nm) by the AFM measurements (Fig. S1-S3). The typical fitting for 
experimental results is given in Fig. S4. 
 
First-principles calculations. Our DFT calculations are carried out using the plane wave code 
Vienna ab initio simulation package (VASP)2 with the generalized gradient approximation  
(GGA). Spin-orbital coupling calculations using the projector augmented wave method with the 
Perdew–Burke–Ernzerhof functional (PAW-PBE) and a cutoff energy of 400 eV are performed. 
The multilayer MoS2 structures are adopted by the experimental lattice of bulk 2H-MoS2, and the 
structures are fully relaxed until the Hellmann-Feynman forces become less than 0.01 eV/Å, by 
using the van der Waals optB88 functional3 to obtain an accurate description of the dispersion 
force  and  the  interlayer  distance.  The  first  Brillouin  zone  is  sampled  with  a      15×15×1 
Monkhorst-Pack grid and a vacuum region with thickness greater than 15 Å is adopted. 
The optical properties are calculated based on independent-particle approximation. The involved 
unoccupied band number is about 10 times of that of valence bands to achieve the converged 
dielectric function. The accuracy of the k-point sampling is tested for using 15×15 and 18×18 
grid for 1L-3L MoS2, and the calculated dielectric spectra is shown in Fig. S7. While there are 
some discrepancies in the low-energy part between these two k-points sets, good convergence is 
observed for the “C” peak at around 2.75 eV, consistent with previous work4. Similarly, for the 
SOC effect (Fig. S8), the imaginary part of the dielectric constant for MoS2 layers from 1L to 5L 
shows little effect from the SOC. 
 
 
 
 
 
 
 
 
 
 
Figure S1. Characterization of monolayer and bilayer MoS2 films. (a-c) Typical  height 
profile extracted from AFM measurements, AFM image, and optical image of monolayer MoS2 
films. The surface roughness is measured as 0.3 nm as shown in the AFM image. (d-f) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of bilayer  
MoS2 films. The surface roughness is measured as 0.5 nm as shown in the AFM image. 
  
 
 
Figure S2. Characterization of three-layer (3L) and four-layer (4L) MoS2 films. (a-c) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of 3L MoS2 
films. The surface roughness is measured as 0.3 nm as shown in the AFM image. (d-f) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of 4L MoS2 
films. The surface roughness is measured as 0.3 nm as shown in the AFM image. 
  
 
 
 
Figure S3. Characterization of five-layer (5L) and six-layer (6L) MoS2 films. (a-c) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of 5L MoS2 
films. The surface roughness is measured as 0.5 nm as shown in the AFM image. (d-f) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of 6L MoS2 
films. The surface roughness is measured as 0.4 nm as shown in the AFM image. 
 
 
 
Figure S4. Characterization of seven-layer (7L) and eight-layer (8L) MoS2 films. (a-c) 
Typical height profile extracted from AFM measurements, AFM image, and optical image of 7L 
MoS2 films. The surface roughness is measured as 0.4 nm as shown in the AFM image. (d-f) 
Typical height profile extracted from AFM measurements, AFM image, and optical image of 8L 
MoS2 films. The surface roughness is measured as 0.9 nm as shown in the AFM image 
 
 
 
Figure S5. Characterization of nine-layer (9L) and ten-layer (10L) MoS2 films. (a-c) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of 9L MoS2 
films. The surface roughness is measured as 0.9 nm as shown in the AFM image. (d-f) Typical 
height profile extracted from AFM measurements, AFM image, and optical image of 10L MoS2 
films. The surface roughness is measured as 0.9 nm as shown in the AFM image 
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Figure S6. Refractive index of 2D MoS2. Real (upper panel) and imaginary (lower panel) parts 
of the dielectric function of 2D MoS2 vs. layer number. Also given is the refractive index of bulk 
MoS2. 
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Figure S7. Fitting for the results obtained from ellipsometry measurements. (a) Fitted and 
measured phase Δ from monolayer to 5-layer MoS2 films. (b) Fitted and measured amplitude ψ 
for monolayer to 5-layer MoS2 films. 
  
 
 
Figure S8. Fitting for the results obtained from ellipsometry measurements. (a) Fitted and 
measured phase Δ from 6-layer to 10-layer MoS2 films. (b) Fitted and measured amplitude ψ for 
6-layer to 10-layer MoS2 films. 
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Figure S9. Independence of the measured dielectric function from synthetic processes and 
substrates. (a) Measured dielectric constants of as-grown monolayer MoS2 made by two different 
CVD processes, one using MoCl5 and S as the precursors and the other using MoO3 and S as the 
precursors. The growth substrate in both growths is sapphire. (b) Measured and simulated 
reflection spectra of monolayer MoS2 on different substrates, sapphire and silicon with 80 nm 
thick thermal oxide. The monolayer MoS2 involved is grown on sapphire substrates and then 
transferred to SiO2/Si substrates. The simulation uses the optical constant measured with the as- 
grown MoS2 on sapphire substrates. 
  
Figure S10. Stability of the dielectric function. Real (upper panel) and imaginary (lower panel) 
parts of the dielectric function of monolayer MoS2 measured at different times after synthesis. 
 
 
 
 
 
Figure S11. Imaginary part of the dielectric constant for MoS2 layers from 1L to 3L calculated 
different k-point sampling. 
 Figure S12. Imaginary part of the dielectric constant for MoS2 layers from 1L to 5L calculated 
with spin-orbital coupling (dashed lines) and without spin-orbital coupling (solid lines). 
Table S1. Tabulated refractive index of MoS2 films 
 
 
 
wavelength(nm) 
 
n 
1L  
k 
 
n 
2L  
k 
 
n 
3L  
k 
345 3.035  2.1095 3.1215  1.48 3.1584  1.4242 
350 3.3642  1.711 3.1431  1.6304 3.1799  1.3707 
355 3.2948  1.7682 3.3188  1.5147 3.1516  1.4211 
360 3.0747  2.2111 3.4153  1.4939 3.3381  1.3626 
365 3.4136  1.9955 3.482  1.4957 3.3745  1.4535 
370 4.0257  1.8186 3.5141  1.636 3.4953  1.5307 
375 3.9504  1.964 3.6118  1.6953 3.5514  1.6638 
380 4.2656  2.1141 3.7339  1.8568 3.6016  1.8068 
385 4.2966  2.2502 3.8891  1.9414 3.6983  1.8775 
390 4.241  2.5232 3.8747  2.128 3.7274  1.9909 
395 4.2479  2.7103 3.8809  2.3194 3.7528  2.1365 
400 4.2558  2.9601 3.9263  2.4171 3.7368  2.2653 
405 4.4645  2.9673 3.987  2.4962 3.721  2.4118 
410 4.538  3.1094 3.9502  2.6409 3.7648  2.4578 
415 4.5785  3.2506 3.9717  2.7826 3.7127  2.6254 
420 4.6688  3.3453 4.0257  2.8704 3.816  2.6231 
425 4.6942  3.461 3.9825  3.0278 3.889  2.6862 
430 4.9523  3.334 4.2523  2.9482 4.0043  2.6842 
435 5.1659  3.1845 4.3822  2.9453 4.0705  2.7412 
440 5.3321  2.9496 4.5641  2.8467 4.2579  2.6839 
445 5.4295  2.7198 4.724  2.6996 4.4327  2.5853 
450 5.471  2.5039 4.8808  2.5191 4.5802  2.4602 
455 5.4828  2.3085 4.9702  2.3155 4.6858  2.2951 
460 5.4897  2.1087 5.0077  2.128 4.7639  2.1338 
465 5.4255  1.9334 5.0223  1.9605 4.8122  1.9741 
470 5.3851  1.7774 5.0186  1.7949 4.8247  1.802 
475 5.3511  1.6549 4.9916  1.648 4.8261  1.6554 
480 5.2685  1.5181 4.9396  1.509 4.7934  1.5116 
485 5.1999  1.4334 4.9015  1.3921 4.7569  1.3899 
490 5.1296  1.3522 4.8236  1.2948 4.7065  1.2803 
495 5.0832  1.2878 4.7654  1.2128 4.6505  1.1969 
500 5.0093  1.2361 4.7054  1.1513 4.5976  1.1257 
505 4.9526  1.1885 4.6687  1.0974 4.5475  1.0737 
510 4.918  1.1623 4.6115  1.0532 4.4963  1.0202 
515 4.8614  1.1215 4.5572  1.0157 4.4548  0.97899 
520 4.8404  1.0768 4.511  0.98054 4.4037  0.93817 
525 4.7757  1.0698 4.4642  0.94246 4.354  0.91249 
530 4.7458  1.0402 4.4245  0.92324 4.3213  0.89069 
535 4.6875  1.0243 4.3847  0.91436 4.2826  0.87048 
540 4.6276 1.0169 4.3481 0.8949 4.2396 0.85457 
545 4.6184 1.0045 4.3139 0.87514 4.2103 0.84473 
550 4.5974 0.98786 4.2807 0.86571 4.1887 0.83567 
555 4.5692 0.97655 4.2529 0.8587 4.151 0.82515 
560 4.5375 0.98979 4.2331 0.84906 4.1273 0.81697 
565 4.4953 0.97569 4.1915 0.84723 4.1036 0.81305 
570 4.4593 0.98802 4.1599 0.85819 4.0785 0.8257 
575 4.4652 0.99232 4.1311 0.86358 4.0557 0.83162 
580 4.4046 1.0283 4.1233 0.86556 4.0351 0.84601 
585 4.3665 1.0652 4.0993 0.90042 4.0186 0.85957 
590 4.4281 1.1133 4.0773 0.92505 4.0076 0.88298 
595 4.3854 1.1736 4.0568 0.98182 4.007 0.91261 
600 4.4185 1.2453 4.0802 1.0272 4.0194 0.95695 
605 4.4832 1.293 4.1333 1.0777 4.0487 0.98958 
610 4.5949 1.3319 4.1995 1.1032 4.1102 1.0138 
615 4.7645 1.2887 4.2755 1.1024 4.1728 1.0085 
620 4.823 1.2336 4.3632 1.0654 4.238 0.97982 
625 4.8473 1.1104 4.405 0.99226 4.2943 0.9388 
630 4.8233 1.0397 4.4202 0.93166 4.3156 0.8626 
635 4.7608 0.9785 4.4086 0.87284 4.3128 0.80623 
640 4.7993 0.9588 4.3911 0.84114 4.295 0.76433 
645 4.757 0.94393 4.3689 0.82963 4.2724 0.7384 
650 4.7445 0.97564 4.3675 0.84836 4.2619 0.74509 
655 4.8177 1.033 4.3777 0.87778 4.2712 0.76408 
660 4.9334 1.0246 4.448 0.90742 4.3095 0.77144 
665 5.0486 0.94987 4.5632 0.87405 4.373 0.75421 
670 5.1062 0.80879 4.6477 0.78976 4.4384 0.70404 
675 5.0349 0.67168 4.6851 0.66598 4.4861 0.62352 
680 5.0504 0.53835 4.6786 0.54976 4.4922 0.52238 
685 4.9719 0.45368 4.6382 0.47019 4.4656 0.42973 
690 4.9161 0.39993 4.5794 0.39449 4.4248 0.365 
695 4.8819 0.34722 4.5294 0.34297 4.3719 0.31735 
700 4.7792 0.31574 4.4932 0.30126 4.3385 0.28054 
705 4.7406 0.3121 4.4461 0.27104 4.2891 0.2527 
710 4.7011 0.3007 4.4192 0.24924 4.2509 0.23223 
715 4.6449 0.28574 4.3796 0.21906 4.2112 0.21784 
720 4.6281 0.2684 4.3454 0.20235 4.1777 0.20581 
725 4.6008 0.25389 4.3018 0.18963 4.149 0.19284 
730 4.5917 0.26534 4.2665 0.18329 4.1269 0.18748 
735 4.564 0.25114 4.2493 0.17875 4.1062 0.18071 
740 4.4731 0.25553 4.2084 0.17008 4.0695 0.1786 
745 4.4781 0.23703 4.1905 0.16271 4.0515 0.17313 
750 4.4968 0.26643 4.1663 0.1677 4.0331 0.16169 
755 4.4555 0.24217 4.1474 0.16509 4.0284 0.16304 
760 4.4546 0.25444 4.1122 0.15967 4.0049 0.1699 
765 4.4104 0.25882 4.108 0.15712 3.9894 0.1553 
770 4.3872 0.25604 4.0846 0.15634 3.9607 0.1585 
775 4.3246 0.2661 4.0686 0.16126 3.9767 0.16305 
780 4.3012 0.22656 4.0303 0.15816 3.9409 0.1541 
785 4.3975 0.27913 4.0053 0.16128 3.9261 0.15155 
790 4.3033 0.23178 4.0308 0.15668 3.8957 0.1591 
795 4.3539 0.25401 3.9956 0.15633 3.882 0.16254 
800 4.3375 0.2661 3.9946 0.1528 3.8753 0.14879 
805 4.2829 0.27118 3.9805 0.15312 3.8912 0.15733 
810 4.2618 0.21999 3.963 0.14757 3.871 0.14949 
815 4.4143 0.24665 3.9551 0.15666 3.8526 0.15579 
820 4.262 0.25912 3.9322 0.16006 3.8459 0.16055 
825 4.2599 0.25859 3.9248 0.15353 3.837 0.15222 
830 4.2536 0.28422 3.9241 0.14709 3.843 0.15066 
835 4.3063 0.27486 3.9432 0.1558 3.8332 0.14969 
840 4.2071 0.26591 3.9436 0.15872 3.8175 0.15397 
845 4.0152 0.30428 3.9045 0.15062 3.8431 0.14614 
850 4.384 0.28634 3.9846 0.16584 3.8452 0.17482 
855 4.2731 0.27395 3.9277 0.16079 3.7805 0.1484 
860 4.2313 0.29451 3.9019 0.16303 3.8043 0.16181 
865 4.0518 0.25802 3.8836 0.16324 3.8042 0.16507 
870 4.2107 0.29103 3.8418 0.159 3.7678 0.15209 
875 4.1901 0.28231 3.8546 0.15625 3.7828 0.14107 
880 4.2146 0.2688 3.8225 0.15519 3.7643 0.16109 
885 4.1368 0.26439 3.8191 0.15187 3.7538 0.14589 
890 4.2505 0.27241 3.8828 0.15811 3.7618 0.14685 
895 4.1246 0.275 3.823 0.15444 3.7427 0.15058 
900 4.2324 0.27653 3.8394 0.16086 3.7517 0.15551 
905 4.1399 0.29945 3.8437 0.15368 3.7459 0.1452 
910 4.0882 0.27867 3.8041 0.14879 3.7418 0.16137 
915 4.204 0.27915 3.8372 0.16322 3.7354 0.15593 
920 4.2151 0.29217 3.7608 0.1558 3.7179 0.14731 
925 4.1818 0.31775 3.8349 0.16625 3.7208 0.15206 
930 3.9989 0.27231 3.8169 0.17591 3.727 0.14932 
935 4.2799 0.28077 3.8124 0.16884 3.6963 0.15023 
940 4.2274 0.30284 3.7828 0.16941 3.6996 0.16622 
945 4.3511 0.29421 3.7913 0.16523 3.7445 0.15839 
950 4.2508 0.29206 3.7844 0.17303 3.6923 0.15044 
955 4.3307 0.29048 3.8152 0.16167 3.7089 0.15293 
960 4.1119 0.36195 3.7906 0.17346 3.6594 0.15831 
965 3.6847 0.30302 3.7358 0.16777 3.6834 0.16439 
970 4.2891 0.30635 3.7615 0.17787 3.6761 0.15848 
975 4.2642 0.32016 3.7736 0.18801 3.7132 0.16278 
980 4.0643 0.30154 3.7598 0.16946 3.6674 0.15559 
985 4.0738 0.30023 3.7561 0.18424 3.6723 0.15389 
990 4.26 0.31443 3.8044 0.17347 3.68 0.15773 
995 4.1482 0.32433 3.7509 0.18282 3.6638 0.15621 
1000 4.1655 0.32855 3.7309 0.1854 3.6428 0.15677 
 
 
 
wavelength(nm) 
345 
 
n 
2.5614 
4L  
k 
1.8298 
 
n 
3.0358 
5L  
k 
1.3321 
 
n 
3.0844 
6L  
k 
1.3501 
350 3.194  1.3347 3.0551  1.3281 3.1263  1.3278 
355 3.125  1.4035 3.1296  1.3226 3.1888  1.3263 
360 3.2429  1.4139 3.2271  1.321 3.2635  1.3337 
365 3.2509  1.5094 3.2787  1.3537 3.3504  1.3692 
370 3.4527  1.4604 3.3782  1.4042 3.4356  1.4218 
375 3.5296  1.5183 3.4467  1.4665 3.5215  1.4918 
380 3.5911  1.6489 3.5307  1.572 3.598  1.5798 
385 3.6367  1.7441 3.5988  1.6661 3.6692  1.6879 
390 3.694  1.8858 3.6456  1.7875 3.7171  1.8181 
395 3.7279  2.0512 3.6812  1.9205 3.7502  1.9475 
400 3.7228  2.1625 3.7  2.0316 3.7609  2.0817 
405 3.7459  2.205 3.7055  2.1543 3.7696  2.1851 
410 3.7663  2.3166 3.7282  2.2037 3.7707  2.2849 
415 3.689  2.5041 3.716  2.311 3.7685  2.3836 
420 3.8204  2.4765 3.7435  2.373 3.8037  2.4242 
425 3.825  2.5621 3.8057  2.3871 3.8434  2.4684 
430 3.9221  2.6016 3.8774  2.4095 3.9145  2.5102 
435 4.0918  2.5361 3.9761  2.4199 4.025  2.5045 
440 4.2156  2.5281 4.0915  2.4114 4.1697  2.4642 
445 4.3628  2.4465 4.2231  2.3754 4.3019  2.4399 
450 4.4941  2.3408 4.363  2.3038 4.4553  2.3357 
455 4.6071  2.1983 4.4893  2.1779 4.5806  2.2191 
460 4.6802  2.0611 4.584  2.0393 4.678  2.0717 
465 4.7282  1.8988 4.6426  1.8974 4.7455  1.9145 
470 4.749  1.7469 4.6799  1.7471 4.7787  1.762 
475 4.7481  1.6091 4.696  1.5934 4.789  1.619 
480 4.7362  1.4717 4.6796  1.4624 4.7778  1.4747 
485 4.7031  1.3579 4.6507  1.3532 4.7532  1.3492 
490 4.6591  1.2501 4.6138  1.2294 4.7125  1.2375 
495 4.6139  1.1679 4.57  1.156 4.6664  1.145 
500 4.5608  1.0933 4.5203  1.0741 4.614  1.068 
505 4.5105  1.0365 4.4705  1.0094 4.562  1.0016 
510 4.4681  0.98793 4.4263  0.95779 4.5105  0.94978 
515 4.4167  0.94254 4.3782  0.91445 4.4636  0.90615 
520 4.3717 0.91075 4.337 0.87585 4.416 0.86924 
525 4.3385 0.87681 4.2945 0.85184 4.3725 0.83965 
530 4.2953 0.85398 4.2561 0.82294 4.3307 0.81397 
535 4.2566 0.83392 4.2181 0.80078 4.2934 0.79583 
540 4.2195 0.82141 4.1836 0.78992 4.2575 0.77728 
545 4.196 0.803 4.1526 0.7659 4.2234 0.76694 
550 4.1629 0.79384 4.1246 0.76979 4.1946 0.75332 
555 4.1337 0.79206 4.0911 0.75762 4.165 0.74949 
560 4.1085 0.78915 4.0697 0.75156 4.1388 0.74522 
565 4.0855 0.78346 4.0452 0.75376 4.1148 0.74631 
570 4.0621 0.78814 4.0281 0.75084 4.0906 0.74932 
575 4.0469 0.79079 4.0067 0.76026 4.0728 0.75755 
580 4.0238 0.80428 3.9861 0.76684 4.0539 0.7701 
585 4.0138 0.81894 3.9703 0.77828 4.0419 0.78739 
590 4.0034 0.84196 3.9569 0.79617 4.0334 0.81297 
595 4.0026 0.87146 3.9538 0.8258 4.0393 0.8412 
600 4.0203 0.91388 3.9554 0.8607 4.0595 0.87293 
605 4.0568 0.94228 3.9835 0.90045 4.0972 0.89817 
610 4.1131 0.95913 4.0276 0.92813 4.1509 0.9087 
615 4.1722 0.94849 4.1008 0.93788 4.2138 0.89697 
620 4.2366 0.91014 4.1759 0.91607 4.2678 0.85902 
625 4.272 0.85979 4.2334 0.85543 4.3055 0.80191 
630 4.287 0.79769 4.2669 0.78154 4.3149 0.74104 
635 4.2841 0.74063 4.2544 0.70846 4.3088 0.68818 
640 4.2645 0.70184 4.2269 0.65469 4.2849 0.65194 
645 4.2443 0.69144 4.1877 0.63311 4.2652 0.638 
650 4.2341 0.69161 4.1576 0.6314 4.2554 0.64115 
655 4.2472 0.69864 4.1489 0.65775 4.2645 0.65279 
660 4.2836 0.70641 4.1709 0.69372 4.3021 0.65914 
665 4.3376 0.68971 4.2397 0.70046 4.3599 0.64246 
670 4.4007 0.63422 4.3282 0.67378 4.4217 0.58933 
675 4.431 0.55125 4.3912 0.58729 4.4573 0.50454 
680 4.4362 0.46543 4.4087 0.47751 4.4554 0.41062 
685 4.4055 0.37922 4.3839 0.37166 4.4243 0.32837 
690 4.3647 0.32056 4.3318 0.30779 4.378 0.26886 
695 4.3169 0.27772 4.2695 0.25896 4.3291 0.22579 
700 4.2732 0.24239 4.2228 0.22526 4.2818 0.19555 
705 4.2329 0.21952 4.1818 0.20342 4.2399 0.17523 
710 4.197 0.20274 4.1423 0.19703 4.2011 0.16097 
715 4.1634 0.19636 4.1053 0.18286 4.1676 0.15099 
720 4.1348 0.18719 4.0859 0.17904 4.1392 0.14232 
725 4.1079 0.17553 4.0524 0.17421 4.1128 0.13598 
730 4.0839 0.17365 4.0299 0.16416 4.0894 0.13149 
735 4.0672 0.16776 4.0156 0.16941 4.067 0.12855 
740 4.0394 0.15977 3.9852 0.16233 4.0464 0.1255 
745 4.015 0.15476 3.9688 0.16532 4.0261 0.12153 
750 4.0067 0.15455 3.9592 0.1583 4.0097 0.11965 
755 3.979 0.14984 3.9319 0.15873 3.9921 0.11762 
760 3.9687 0.149 3.926 0.15605 3.9749 0.11452 
765 3.9546 0.14577 3.9118 0.15454 3.9617 0.11422 
770 3.9386 0.14733 3.899 0.14716 3.9498 0.11075 
775 3.9217 0.1442 3.8898 0.15178 3.9342 0.10927 
780 3.9136 0.13708 3.8721 0.14377 3.9212 0.10985 
785 3.9127 0.14229 3.8594 0.14723 3.9133 0.10929 
790 3.8948 0.14163 3.8463 0.14252 3.9023 0.10914 
795 3.8853 0.14457 3.8369 0.14951 3.8884 0.10814 
800 3.8607 0.1339 3.8281 0.14275 3.8839 0.10661 
805 3.8493 0.14862 3.8242 0.14704 3.8699 0.10802 
810 3.8543 0.13833 3.8152 0.14599 3.8588 0.105 
815 3.8419 0.13944 3.8103 0.14411 3.8526 0.10372 
820 3.8366 0.1377 3.7904 0.14833 3.8446 0.10301 
825 3.8218 0.13384 3.7966 0.13969 3.8375 0.10308 
830 3.8188 0.13272 3.7942 0.14769 3.8305 0.10294 
835 3.8049 0.1355 3.7772 0.14329 3.8229 0.10139 
840 3.7957 0.13606 3.777 0.13432 3.8134 0.10132 
845 3.7814 0.14103 3.7651 0.1462 3.8065 0.10206 
850 3.7983 0.13817 3.7593 0.14139 3.8024 0.10217 
855 3.7873 0.12976 3.7534 0.1437 3.7923 0.097761 
860 3.7721 0.12802 3.7489 0.14498 3.7865 0.098688 
865 3.7609 0.13967 3.7459 0.13894 3.7829 0.10117 
870 3.7525 0.13064 3.7407 0.14129 3.7779 0.10089 
875 3.7504 0.13277 3.733 0.13208 3.7697 0.098302 
880 3.749 0.13245 3.7339 0.13308 3.7645 0.098093 
885 3.7494 0.12771 3.7245 0.13506 3.7597 0.09857 
890 3.7507 0.12503 3.7133 0.12863 3.7546 0.098106 
895 3.7348 0.12769 3.7121 0.13275 3.7498 0.097763 
900 3.7305 0.13342 3.7048 0.13633 3.7443 0.098424 
905 3.7231 0.13129 3.7045 0.13451 3.7398 0.097871 
910 3.7173 0.13197 3.7065 0.13914 3.7359 0.097249 
915 3.7126 0.13251 3.6967 0.13766 3.7313 0.097509 
920 3.7056 0.13923 3.6897 0.13257 3.727 0.097305 
925 3.7127 0.13301 3.6875 0.13715 3.7229 0.098209 
930 3.7068 0.12879 3.6928 0.13281 3.7178 0.097795 
935 3.6978 0.12756 3.6761 0.1361 3.7143 0.099327 
940 3.6934 0.13052 3.6799 0.12969 3.7109 0.097141 
945 3.6914 0.12977 3.6765 0.12749 3.7078 0.09625 
950 3.6886 0.13782 3.6737 0.12456 3.7051 0.098084 
955 3.6894 0.13452 3.6708 0.13453 3.6999 0.097999 
960 3.6857 0.1339 3.66 0.12888 3.6974 0.097411 
965 3.6795 0.12964 3.6607 0.13504 3.6908 0.097385 
970 3.6736 0.13581 3.6509 0.13255 3.6874 0.096856 
975 3.683 0.13931 3.6644 0.13727 3.6842 0.096808 
980 3.6674 0.1338 3.6545 0.13241 3.6788 0.097124 
985 3.6602 0.13559 3.6325 0.1357 3.6796 0.099659 
990 3.6631 0.13305 3.6507 0.13053 3.6755 0.098649 
995 3.656 0.13371 3.6474 0.13157 3.6729 0.099293 
1000 3.6531 0.13736 3.6341 0.13545 3.6696 0.099894 
 
 
 
wavelength(nm) 
290 
 
n 
3.4972 
7L  
k 
1.2998 
 
n 
3.6923 
8L  
k 
1.1447 
 
n 
3.7718 
9L  
k 
1.0328 
295 3.5023  1.367 3.7013  1.178 3.7427  1.1995 
300 3.4694  1.394 3.5908  1.3551 3.6599  1.2548 
305 3.4036  1.4045 3.551  1.4391 3.6555  1.3201 
310 3.336  1.5027 3.5225  1.3941 3.5823  1.3459 
315 3.322  1.4274 3.4269  1.4865 3.5416  1.3057 
320 3.27  1.479 3.4116  1.5259 3.4668  1.4714 
325 3.2837  1.4556 3.4011  1.385 3.4815  1.3729 
330 3.2944  1.3648 3.4731  1.3326 3.4809  1.4419 
335 3.2633  1.3718 3.3561  1.4464 3.5402  1.3025 
340 3.2637  1.3718 3.3961  1.4011 3.494  1.3792 
345 3.2641  1.3386 3.4303  1.3006 3.4961  1.2528 
350 3.3023  1.3121 3.4685  1.2757 3.5294  1.223 
355 3.3719  1.299 3.5294  1.2627 3.5985  1.2029 
360 3.4528  1.3035 3.6136  1.2677 3.6826  1.1982 
365 3.5462  1.3336 3.709  1.2846 3.7724  1.2182 
370 3.6376  1.3899 3.8074  1.3412 3.8714  1.2563 
375 3.7289  1.4511 3.9068  1.3996 3.9637  1.3177 
380 3.8197  1.5418 4.0057  1.4824 4.0666  1.3915 
385 3.8902  1.6507 4.0967  1.5794 4.1601  1.5025 
390 3.9566  1.7793 4.1635  1.7226 4.2379  1.6201 
395 3.988  1.9267 4.2226  1.8519 4.294  1.7524 
400 4.0118  2.062 4.2658  1.989 4.3405  1.8796 
405 4.0171  2.1822 4.283  2.1322 4.3609  2.0221 
410 4.015  2.2942 4.2965  2.2563 4.3832  2.1277 
415 4.0147  2.3961 4.3059  2.3725 4.3728  2.275 
420 4.01  2.4927 4.316  2.4728 4.3648  2.4102 
425 4.0238  2.5792 4.3299  2.5766 4.4053  2.4629 
430 4.0706  2.6375 4.357  2.6694 4.4043  2.5983 
435 4.1378  2.6946 4.4244  2.7221 4.444  2.6994 
440 4.2652  2.6905 4.5255  2.743 4.5095  2.768 
445 4.4052 2.663 4.6486 2.7324 4.5844 2.8411 
450 4.5663 2.581 4.7981 2.6589 4.7501 2.7706 
455 4.7063 2.4605 4.9346 2.5516 4.8882 2.6874 
460 4.8215 2.315 5.0494 2.4198 5.0155 2.563 
465 4.9044 2.1545 5.1369 2.2637 5.1158 2.4116 
470 4.9532 1.9918 5.1916 2.1083 5.1808 2.2625 
475 4.9761 1.8365 5.2233 1.9509 5.2231 2.0897 
480 4.9771 1.6824 5.2282 1.7873 5.2387 1.9169 
485 4.9572 1.5402 5.2146 1.6371 5.2336 1.7691 
490 4.9225 1.4136 5.1826 1.5037 5.206 1.6275 
495 4.878 1.3075 5.141 1.3902 5.1648 1.5082 
500 4.8251 1.2151 5.0897 1.2925 5.1132 1.3959 
505 4.7719 1.1405 5.0342 1.2078 5.0632 1.3087 
510 4.7172 1.0777 4.978 1.1377 5.002 1.2349 
515 4.6645 1.0258 4.9221 1.0764 4.9488 1.1719 
520 4.6139 0.98249 4.8702 1.0307 4.8958 1.1221 
525 4.5651 0.94689 4.8203 0.98996 4.8426 1.0836 
530 4.522 0.91761 4.771 0.95779 4.7954 1.0463 
535 4.4782 0.89218 4.7243 0.93056 4.7499 1.0169 
540 4.4403 0.87335 4.6828 0.9099 4.707 0.98963 
545 4.4041 0.85673 4.645 0.89235 4.6695 0.9703 
550 4.3703 0.84602 4.6095 0.87971 4.6325 0.95709 
555 4.3375 0.83775 4.576 0.87198 4.6 0.94654 
560 4.3095 0.8319 4.5456 0.8651 4.5676 0.93708 
565 4.283 0.83031 4.5171 0.8632 4.541 0.93583 
570 4.2577 0.83351 4.4911 0.86544 4.5113 0.93621 
575 4.2347 0.84044 4.4695 0.87351 4.4871 0.9397 
580 4.2144 0.85344 4.4499 0.88519 4.4684 0.95332 
585 4.197 0.87124 4.4335 0.90199 4.4462 0.96934 
590 4.1902 0.89627 4.424 0.92556 4.4355 0.99475 
595 4.1932 0.92731 4.4263 0.95421 4.4391 1.0275 
600 4.2113 0.96158 4.4429 0.98682 4.4556 1.0629 
605 4.2497 0.99109 4.4772 1.0156 4.4912 1.0969 
610 4.3046 1.0072 4.5292 1.0338 4.5487 1.1162 
615 4.3719 0.99878 4.5922 1.0317 4.6197 1.1127 
620 4.4325 0.96306 4.6579 1.002 4.688 1.0805 
625 4.4818 0.90513 4.7114 0.9479 4.7432 1.0185 
630 4.502 0.8389 4.74 0.88053 4.7696 0.9466 
635 4.4977 0.77679 4.7446 0.81452 4.7704 0.87832 
640 4.4752 0.73226 4.7273 0.76155 4.7502 0.82588 
645 4.4491 0.70943 4.7029 0.72954 4.7219 0.79517 
650 4.432 0.70719 4.6851 0.7185 4.702 0.79334 
655 4.435 0.72109 4.6814 0.72287 4.699 0.80448 
660 4.467 0.73742 4.704 0.73177 4.729 0.82186 
665 4.5298 0.73315 4.7528 0.72707 4.7919 0.82357 
670 4.6078 0.68726 4.8171 0.68928 4.8726 0.78365 
675 4.666 0.59454 4.8704 0.61454 4.9433 0.69605 
680 4.6761 0.48363 4.8903 0.51437 4.963 0.5781 
685 4.647 0.38463 4.8732 0.41919 4.943 0.46674 
690 4.598 0.3088 4.8323 0.33856 4.8923 0.38264 
695 4.5437 0.25494 4.7814 0.2786 4.8365 0.31781 
700 4.4906 0.21878 4.7296 0.23671 4.7787 0.27401 
705 4.442 0.19383 4.6795 0.20579 4.7266 0.24176 
710 4.3986 0.1754 4.6358 0.18508 4.6804 0.21788 
715 4.3601 0.16272 4.5942 0.1686 4.6386 0.20133 
720 4.3252 0.15274 4.5574 0.15747 4.5989 0.19057 
725 4.2952 0.14619 4.5273 0.14864 4.5628 0.18154 
730 4.2678 0.1395 4.4969 0.14141 4.5366 0.1743 
735 4.2421 0.13593 4.4708 0.13618 4.5081 0.16678 
740 4.217 0.13169 4.4458 0.13096 4.481 0.16298 
745 4.1952 0.12704 4.4218 0.12653 4.4563 0.15832 
750 4.1743 0.12604 4.4002 0.12364 4.4345 0.15283 
755 4.1555 0.12129 4.3803 0.12012 4.4136 0.15051 
760 4.1389 0.1201 4.3617 0.1169 4.3922 0.14691 
765 4.1227 0.11758 4.3437 0.11588 4.3773 0.14221 
770 4.1064 0.11639 4.3282 0.11193 4.3573 0.14208 
775 4.0927 0.11393 4.3129 0.11032 4.3438 0.13904 
780 4.0796 0.1128 4.2978 0.11047 4.3291 0.1358 
785 4.0668 0.11275 4.2846 0.1064 4.3149 0.13477 
790 4.0534 0.11062 4.2707 0.10698 4.3012 0.13296 
795 4.0397 0.11007 4.2593 0.10523 4.286 0.12998 
800 4.0301 0.10719 4.2458 0.10259 4.2751 0.12882 
805 4.0179 0.10728 4.2331 0.10131 4.2621 0.12699 
810 4.0077 0.10608 4.2227 0.099294 4.2491 0.12501 
815 3.9976 0.10568 4.2115 0.097373 4.2399 0.12492 
820 3.9891 0.10431 4.2017 0.096565 4.2289 0.12063 
825 3.9809 0.10323 4.1931 0.095439 4.22 0.12048 
830 3.9721 0.10319 4.1842 0.095125 4.2102 0.11856 
835 3.9637 0.10154 4.1749 0.093883 4.1994 0.11879 
840 3.955 0.10175 4.1656 0.093628 4.1892 0.11732 
845 3.9489 0.10215 4.1581 0.092538 4.1822 0.11646 
850 3.9379 0.09965 4.15 0.091605 4.1743 0.11646 
855 3.9318 0.10056 4.1397 0.091592 4.164 0.11486 
860 3.9243 0.09773 4.1329 0.091321 4.1572 0.1142 
865 3.9194 0.097773 4.1253 0.088939 4.1489 0.11333 
870 3.9123 0.096894 4.118 0.089321 4.1426 0.11253 
875 3.906 0.096658 4.1108 0.086885 4.1345 0.11163 
880 3.8986 0.095618 4.1026 0.086427 4.1266 0.10953 
885 3.892 0.09492 4.097 0.086398 4.1205 0.10868 
890 3.8872 0.095464 4.0899 0.086771 4.1144 0.10922 
895 3.8807 0.093879 4.0835 0.08629 4.1077 0.1072 
900 3.8756 0.093993 4.0769 0.085472 4.1013 0.10737 
905 3.8676 0.092612 4.0717 0.085391 4.0954 0.10671 
910 3.8641 0.094722 4.0659 0.085023 4.0873 0.10872 
915 3.8589 0.092782 4.0599 0.085014 4.0827 0.10507 
920 3.8547 0.093257 4.056 0.084889 4.0774 0.10645 
925 3.85 0.09313 4.0507 0.084378 4.0728 0.10621 
930 3.8441 0.092887 4.0461 0.085745 4.0668 0.10531 
935 3.8401 0.091613 4.0421 0.084569 4.0631 0.10413 
940 3.8355 0.092333 4.0365 0.083004 4.0568 0.10517 
945 3.8314 0.092179 4.0302 0.084009 4.0512 0.10484 
950 3.826 0.090759 4.0249 0.082722 4.0484 0.10433 
955 3.8218 0.09071 4.0196 0.082297 4.0429 0.10295 
960 3.8184 0.09035 4.0163 0.083586 4.0382 0.10119 
965 3.8119 0.090305 4.0132 0.082068 4.034 0.10269 
970 3.8114 0.089903 4.0075 0.08227 4.0285 0.10053 
975 3.8056 0.091299 4.003 0.082816 4.0233 0.1022 
980 3.8006 0.091263 3.9987 0.082014 4.0206 0.10192 
985 3.798 0.090927 3.9955 0.083107 4.0154 0.10174 
990 3.7938 0.091766 3.9911 0.08252 4.0111 0.10077 
995 3.7913 0.091764 3.9878 0.082941 4.0073 0.1008 
1000 3.7867 0.093497 3.9844 0.082239 4.0022 0.10074 
 
 
 
 
 
wavelength(nm) 
275 
 
n 
3.8889 
10L  
k 
0.46559 
280 3.9301  0.83355 
285 3.8389  0.86449 
290 3.8264  1.0317 
295 3.7683  1.0961 
300 3.7541  1.2344 
305 3.7127  1.2669 
310 3.6691  1.252 
315 3.6259  1.275 
320 3.5782  1.345 
325 3.5906  1.2531 
330 3.5811  1.2913 
335 3.5242  1.3573 
340 3.5243  1.3895 
345 3.5694 1.2122 
350 3.6053 1.1739 
355 3.6695 1.1487 
360 3.7566 1.148 
365 3.8485 1.157 
370 3.9498 1.2021 
375 4.0538 1.2517 
380 4.1583 1.3426 
385 4.2525 1.4359 
390 4.3427 1.5527 
395 4.4126 1.6849 
400 4.4668 1.8126 
405 4.4984 1.9556 
410 4.5164 2.0879 
415 4.5229 2.2223 
420 4.5349 2.3319 
425 4.5421 2.4486 
430 4.5628 2.5578 
435 4.6021 2.6651 
440 4.6889 2.7158 
445 4.7219 2.8865 
450 4.8609 2.8627 
455 5.0147 2.798 
460 5.1515 2.6832 
465 5.2829 2.4814 
470 5.3587 2.2918 
475 5.4033 2.1126 
480 5.4136 1.9448 
485 5.4078 1.7579 
490 5.3769 1.6211 
495 5.33 1.4952 
500 5.2755 1.377 
505 5.2115 1.2789 
510 5.1501 1.2042 
515 5.0907 1.1464 
520 5.032 1.0924 
525 4.976 1.0438 
530 4.9239 1.0179 
535 4.8733 0.98939 
540 4.8288 0.95548 
545 4.7877 0.94788 
550 4.7497 0.93046 
555 4.7173 0.91882 
560 4.6814 0.91307 
565 4.6495 0.90966 
570 4.6224 0.90747 
575 4.593 0.91041 
580 4.5699 0.92088 
585 4.549 0.94077 
590 4.5356 0.97007 
595 4.536 1.0036 
600 4.5524 1.0479 
605 4.59 1.0794 
610 4.6502 1.1032 
615 4.7286 1.1016 
620 4.8042 1.0707 
625 4.8661 1.0051 
630 4.8941 0.9276 
635 4.8926 0.84516 
640 4.8683 0.78793 
645 4.8297 0.75324 
650 4.8004 0.75122 
655 4.7931 0.77326 
660 4.8199 0.80189 
665 4.8913 0.81809 
670 4.9919 0.78371 
675 5.0777 0.68249 
680 5.1046 0.55076 
685 5.0776 0.42479 
690 5.0175 0.32756 
695 4.9536 0.26415 
700 4.891 0.21591 
705 4.837 0.18612 
710 4.7828 0.16645 
715 4.7347 0.14724 
720 4.6958 0.13861 
725 4.6612 0.12378 
730 4.6303 0.12181 
735 4.5992 0.11637 
740 4.5678 0.11279 
745 4.5464 0.1092 
750 4.5231 0.10622 
755 4.4982 0.10033 
760 4.4776 0.10159 
765 4.46 0.095861 
770 4.4429 0.096327 
775 4.4271 0.092949 
780 4.4096 0.092671 
785 4.3944 0.0904 
790 4.3814 0.089364 
795 4.3657 0.089596 
800 4.3543 0.085195 
805 4.3403 0.086865 
810 4.3274 0.08522 
815 4.3174 0.081597 
820 4.3074 0.080824 
825 4.2978 0.081814 
830 4.2874 0.080366 
835 4.2757 0.077703 
840 4.2655 0.078495 
845 4.2572 0.081157 
850 4.2466 0.077832 
855 4.2395 0.079486 
860 4.2321 0.078655 
865 4.2248 0.075373 
870 4.2151 0.07729 
875 4.2097 0.074161 
880 4.2004 0.071378 
885 4.1926 0.072436 
890 4.1867 0.073229 
895 4.1784 0.071606 
900 4.1725 0.074564 
905 4.1657 0.07173 
910 4.158 0.070905 
915 4.1541 0.07066 
920 4.1469 0.071455 
925 4.1423 0.070668 
930 4.1391 0.070459 
935 4.1314 0.071227 
940 4.1272 0.070284 
945 4.1227 0.070336 
950 4.117 0.068629 
955 4.1106 0.068798 
960 4.1089 0.070415 
965 4.1046 0.069971 
970 4.0976 0.070051 
975 4.0931 0.068335 
980 4.0894 0.067586 
985 4.0849 0.068757 
990 4.0802 0.067641 
995 4.0755 0.067518 
1000 4.0732 0.068066 
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